The pulsed-laser deposition method has been used to fabricate epitaxial, nonsymmetric M(Y) x N(Pr) superlattices in which YBa2Cu3O7 (YBCO) layers either M = 1, 2, 3, 4, 8, or 16 c-axis unit cells thick are separated by insulating PrBa2Cu3O7 (PBCO) layers N unit cells thick (N = I to -32). The zero-resistance superconducting transition temperature, Tc0, initially decreases rapidly with increasing PBCO layer thickness, but then saturates at TcO 19 K, 54 K, 71 K, or 80 K, for structures containing 1-, 2-, 3-, or 4-cell-thick YBCO layers, respectively. Critical current density measurements carried out on structures with 16-or 32-cell thick YBCO layers show that the magnitude of Jc(H 0) 12 MA/cm2, as well as the magnetic field dependence and the anisotropy of Jc(H) all are in good agreement with corresponding measurements on thicker, single-layer YBCO films. Thus, there is no evidence of an enhanced Jc(H) due to the multi-layered structure, for the layer thicknesses investigated to date. The systematic variation of Tc0, as a function of the YBCO and PBCO layer thicknesses, is discussed in light of other recent experiments and theoretical model calculations. The superlattices' structural and compositional order are characterized using x-ray diffraction, transmission electron microscopy, and scanning tunneling microscopy, and details of the pulsed-laser deposition process are reported.
INTRODUCTION
The use of high-temperature superconductors (HTSC) in active devices, and especially in hybrid superconductor/semiconductor electronics, is expected to require multilayered structures in which epitaxial insulator and/or metal layers are grown on a single-crystal substrate in combination with epitaxial HTSC layers that have excellent superconducting properties. For some applications (e.g., tunneling) abrupt, highquality interfaces are required, and this has resulted in considerable recent interest in in situ film-growth techniques by which epitaxial layers can be grown sequentially without breaking vacuum. Recent research has established that there are a number of substrate/epitaxial buffer (or tunneling) layer combinations that are compatible, in varying degrees, with subsequent in situ epitaxial growth of YBa2Cu3O7 (YBCO) films or multilayered M-123 structures (M = Y or a rare earth). The epitaxial buffer layer/substrate combinations demonstrated to date include Y2O3 and SrTiO3 (both on MgO)1'2; MgAl2O4,3 BaTiO3/MgAlO4,4 CaF2,5 yttriastabilized cubic Zr02(YSZ),6'7 A1203, 8 and Pr02 (all on silicon)9; and MgO,10' ZrO,12 YSZ 12 and SrTiO3 (all on sapphire, A12O3). 13 One difficulty encountered in sequentially growing epitaxial YBCO layers on top of these structures is that the optimum ambient oxygen pressure and substrate temperature in general will differ, requiring either that compromises are made or that the ambient conditions are changed with attendant delays between layers. Other compromises also may be required, for example between the amount of ambient oxygen needed to grow the highest quality insulating layers and the need to reduce oxygen pressure to avoid rapid oxidation of the substrate itself (e.g., using silicon). 7 Our own work has focused recently on using the pulsed-laser ablation method to grow and study the superconducting properties of epitaxial YBa2Cu3O7x/PrBa2Cu3O7x (YBCO/PBCO) superlattices that contain up to 80 layers (40 periods of compositional modulation).14' 15 The superconducting YBCO layers can be as thin as a single unit cell in these structures. PBCO is interesting and useful because it is a semiconductor at room temperature with an a-b plane lattice mismatch of only 1.5% with YBCO, and it is the only non-metallic member of the M-123 family that easily grows as single-phase material.16'17 A final, important advantage of PBCO for superlattice growth and subsequent studies is that oxygen diffuses readily through it, so that fully oxidized YBCO/PBCO superlattices can be formed by the same in situ process that is used for entirely superconducting YBCO films. The YBCO/PBCO system also has been investigated extensively by groups at Geneva,19'20 Rutgers, 21 and Bellcore,2225 including growth of epitaxial Y1PrBa2Cu3O7 alloy films that display a wide range of resistivities, and heterostructures incorporating them. 2325 In this paper we briefly review the PLA method and the conditions that we have used to obtain very smooth, c-axis-perpendicular (c-perp) YBCO and PBCO films. Then we discuss the structural characteristics of YBCO/PBCO superlattices, as determined by x-ray diffraction (XRD), scanning tunneling microscopy (STM), and transmission electron microscopy (TEM). Next, we show results of electrical transport measurements that reveal the systematic variation of Tc that is found, as a function of the superconducting and insulating layer thicknesses. We also briefly review several possible explanations for this variation. Finally, we present results that demonstrate that superlattices with YBCO layer thicknesses of -20-40 nm have critical current densities that are just as high, and with similar anisotropy, as for much thicker single-layer YBCO films.
FILM GROWTh BY PULSED LASER ABLATION
Our superlattices were grown by mounting stoichiometric YBCO and PBCO targets in a multi-target holder that permits target rotation during ablation and target exchange. A pulsed KrF (248 nm) laser beam was brought to a horizontal line focus on the rotating target and was simultaneously repetitively scanned over the target in the vertical direction, in order to produce a region of only slowly varying film thickness on the substrate heater located 6.5 cm. away. KrF, together with XeCl, shares several advantages for laser-ablation film growth, including high laser power, a sufficiently large absorption coefficient, and widely available coated optics (mirrors, etc.), in comparison with either longer or shorter laser wavelengths. Epitaxially polished (100) SrTiO3 substrates were bonded to the stainless steel heater plate using silver paint. The ability to grow smooth films is particularly important for superlattice fabrication. Our superlattices were grown at a heater (substrate) temperature of 730°C (-670°C) because we earlier found that this temperature produces very smooth thicker YBCO films. Increasing the heater temperature by 50°C produces YBCO films that SEM inspection shows to have a slightly pitted morphology, at least in some regions of the ablation plume. Both single-layer films and superlattices were grown in 200 mTorr oxygen at a deposition rate of 1.1 Hz and -0.1 nm/laser pulse. After deposition samples were cooled at 10°C/mm in oxygen, the oxygen pressure being increased slowly to reach -600 Torr at 600°C and then held constant. Superlattice periods that were measured directly by XRD agreed to within a few percent with those calculated from the measured superlattice thickness and number of laser shots.
In earlier work,26 it was shown that the single-layer YBCO films grown on a variety of (100) substrates under very similar conditions were very smooth, specularly reflecting, and highly c-perp-oriented, with Tc(R 0) > 92 K, LTc < 1 K, and Jc 2 MA/cm2 for the best films. Figure 1 is an STM micrograph of a -3O nm wide pinhole defect in such a single-layer YBCO film, and illustrates directly YBCO's c-perp growth habit and highly layered structure when grown under these conditions. The terraces shown in Fig. 1 were measured to be -12 A thick, corresponding to I c I -11.7 A for YBCO. We note that Inam et a!. recently have developed a technique for growing YBCO films that are > 95% in the a-perp orientation, using an a-perp PBCO template layer that was deposited prior to the YBCO at a lower substrate temperature.27 Although the transport properties of their a-perp YBCO films are inferior to c-perp YBCO (apparently because of twin boundaries between grains that correspond to the two possible c-axis orientations in the substrate plane), further development of this technique may make possible growth of a-perp superlattices in the YBCO/PBCO system. 11.9 nm (20 periods). Note the higher-harmonic sidebands for the latter structure. half maximum (FWHM). In addition, the position and width of (hkQ) Bragg peaks with h, were measured and revealed that the in-plane epitaxy is such that the <110> directions of the film and the substrate are aligned (in-plane mosaic spread O.5), as has been observed previously for pure YBCO films on perovskite substrates.28
The "signature" of a periodic superlattice is that each (OOQ) peak in Fig. 1 is modulated by diffraction sidebands (satellite peaks). The modulation wavelength (the sum of consecutive layer thicknesses) can be calculated from the satellite positions using the equation29 A = Ai2(sin0i superlattice, for which the modulation wavelength corresponds compositionally to a "3/4 x 3" structure, i.e., the switching between YBCO and PBCO targets resulted in only about 3/4 of a unit cell being filled with YBCO, on average, at the location on the substrate heater where this structure was grown. Consequently, this "alloy superlattice" had a Tc that was depressed below the results that are given below for lxN structures. However, the most significant feature of Fig. 2 is the presence of observable satellite intensity, and hence direct evidence of a Y/Pr compositional modulation, for all of the lxN structures. For the A = 2.3 nm (lxi) structure, which was deposited as alternating single-unit-cell thick layers of YBCO and PBCO, the clear implication is that interdiffusion must be limited to less than a single unit cell during the in situ laser ablation growth process. The fact that XRD shows chemical modulation to be present even for an imperfect superlattice ( Fig. 2 , middle) confirms that interdiffusion and cation mobility must be very small along the growth (c-axis) direction, consistent with high lateral cation mobility, the c-perp growth mode, and the layered structure of these materials. Figure 3 shows what we believe to be the first Z-contrast cross-section TEM image of a YBCO/PBCO superlattice. The Z-contrast method30'31 uses Rutherford-scattered electrons for image formation and so provides chemical sensitivity directly. The particular sample shown in Fig. 3 was grown in an uncalibrated region of the laser ablation beam, so that YBCO/PBCO target switching resulted in a structure that was chemically -1 .25(Y) x 10(Pr) on average, rather than 1x8. Nevertheless, the single-cell-thick dark (YBCO) layers alternating with '-8-1 1 bright (PBCO) layers shown in Fig. 3 provides direct confirmation that our lxN superlattices do contain single-cell-thick YBCO layers with sharp interfaces, well-defined compositional modulation, and minimal interdiffusion. We note, though, that the dark YBCO regions shown in Fig. 3 occasionally "jump" from one structural cell to another, rather than alloying equally into two adjacent cells. We originally thought that this might indicate a tendency toward phase separation17 of YBCO in PBCO, which would provide a mechanism for stabilizing YBCO/PBCO superlattices against interdiffusion along the c-axis. To test this idea, we recently grew YO.3PrO.7Ba2Cu3O7 alloy thin films, which are not superconducting, and subjected them to a series of long-term, low-oxygen-pressure anneals, to see if any tendency toward superconductivity would develop as a result of YBCO phase separation. No such effect was seen. Thus, we have no direct evidence of a phase-separation mechanism for stabilization of YBCO/PBCO superlattices, and the "jumping" seen in Fig. 3 may simply be an artifact connected with the "overfilling" of the YBCO layers in this particular specimen. Further Z-contrast studies are planned in order to investigate this question.
Information concerning the extent of both structural and compositional order can be obtained from the x-ray peak widths since these widths are inversely related to the average domain size via the Scherrer equations. 32 We find that the widths of the main (OOQ) peaks increase only slightly with order and yield domain sizes on the order of the film thickness. Since these widths are related to the overall crystalline coherence of the M-123 phase,19 we conclude that the films are extremely well ordered structurally. In contrast, we find that the widths of the superlattice reflections increase more rapidly with order and yield coherence lengths several times smaller than the film thickness. Since these widths are related to the coherence of the Y/Pr composition modulation, we conclude that although the superlattices are fairly well ordered, the periodicity of the chemical order is not perfectly constant throughout the film, consistent Figure 4 shows the normalized resistances, R(T)/R(100 K), for YBCO/PBCO superlattices with 1-, 2-, and 3-cell thick YBCO (superconducting) layers and either 1-or 16-cell thick PBCO (insulating) layers. Similar data were obtained for intermediate PBCO layer thicknesses,14 and resulted in normalized resistance curves that lie between those shown, but those data are not shown for clarity. The peak in the normalized resistance for the 1x16 structure is a consequence of conduction through a structure that consists of insulating (PBCO) and metallic (YBCO) layers that are electrically in parallel. The temperature at which the peak occurs depends on the relative thicknesses of the two types of layers, and similar peaks are found for the other structures above 100 K.
Electrical Transport Properties
The most striking feature of Fig. 4 is that for the of 1-, 2-, or 3-cell-thick YBCO layers, the normalized resistance and the zero-resistance transition temperature, TcO, vary systematically, and the normalized resistance for an arbitrary PBCO thickness lies within the appropriate 1-, 2-, or 3-YBCO-cell "manifold" of resistive behavior (shown shaded in Fig. 4) . The manifolds of lxN and 2xN behavior do not overlap appreciably below 100 K, and the 2xN and 3xN manifolds only partially overlap. For a fixed YBCO layer thickness, TcO decreases as the thickness of the insulating PBCO layers increases. However, in going from 1-cell to 2-cell-thick YBCO layers, the spread in TcO values corresponding to the full range of PBCO thicknesses decreases dramatically, and in going from 2-cell to 3-cell-thick YBCO layers the spread in TcO values decreases again. From these observations it also can be seen that although the lxi, 1x2, and 1x4 structures have the same average composition as the 2x2, 2x4, and 2x8 structures, respectively, they have very different TcO values. These striking differences in resistive behavior, for structures that have the same average composition, together with the sharp satellite peaks shown in Fig. 2 , demonstrate that we are observing the superconducting behavior of periodically layered superconducting structures and not of average alloys. Furthermore, we find that both the initial rate and the overall magnitude of the decrease in Tco with increasing PBCO thickness depends sensitively on the number of adjacent YBCO cells in the superconducting YBCO layer. Figures 5 and 6 show that for well-isolated YBCO layers [i.e., N(PBCO) = 16)], only the singlecell-thick YBCO layers have very broad transitions and low TcO. With increasing YBCO layer thickness, the 10-90% transition width narrows and TcO rises rapidly, so that a 3-cell-thick YBCO layer has TcO 71 K, and TcO 80 K for a 4-cell-thick YBCO layer. Similarly, a 2x8 structure (only 20% YBCO on average) has a higher TcO than a lxi structure (50% YBCO on average). These results demonstrate the importance of having YBCO in adjacent unit cells in order to raise TcO, and suggest either that coupling is necessary between YBCO cells in order to increase their TcO, or that TcO is inherently high (-92 K) in YBCO and it is only those YBCO cells that are immediately adjacent to PBCO that have their TcO depressed by proximity to PBCO. In particular, PBCO is not very effective in depressing TcO if the YBCO layers are much thicker than one unit cell (see discussion below). rapidly for H fields greater than 2-4 T., and displays order-of-magnitude variations from sample to sample.33'34 They also carried out similar experiments using YBCO films grown epitaxially on SrTiO3 substrates whose surfaces were deliberately miscut at an angle of 6° to the crystal lattice (001) planes, and confirmed that the enhanced J for H I I a-b is associated with the layered crystal structure itself, and is not a result of "surface pinning" due to having H parallel to the film surface. The sample-dependent variations in Jc for H I I C are believed to reflect differences in the flux-pinning defect structures that were "grown-into" the films by uncontrolled differences in processing. For H a-b, further experiments led them to conclude that the enhanced Jc results either from "intrinsic" pinning when fluxoids are located in the nonsuperconducting regions of the layered structure, or is caused by a flux-pinning defect structure that is itself highly anisotropic.34
These observations of bulk but orientation-dependent flux-pinning in thicker YBCO films naturally raise questions of whether similar effects will be. seen in very thin films, and whether additional flux pinning and enhancements of Jc(H) might occur in superlattice structures that contain "internal surfaces" at the interfaces between superconducting (YBCO) and insulating (PBCO) layers, or in which the relaxation of strain fields above a critical layer thickness is accompanied by formation of defects such as misfit dislocations. To study these questions, we have initiated experiments using both 32x16 (5 periods) and 16x16 (5 periods) YBCO/PBCO superlattices. Superlattices containing relatively thick YBCO layers were used in order to keep Tc(H0) well above 77 K and make possible direct comparisons with the behavior of the much thicker single-layer epitaxial YBCO films at 77 K. Direct-current measurements of Jc(H) were made using superlattices patterned with bridges 3 mm long x 0.1 mm wide and an electric field criterion for Jc of I MV/cm. As shown in Fig. 7 , the normalized Jc(H) behavior of these superlattices is virtually identical to that of the thicker, single-layer However, an alternative interpretation of our data is that a single-cell-thick YBCO layer has an intrinsically high TcO, but that a YBCO cell's electronic structure is severely modified by being located adjacent to PBCO. From Fig. 6 it can be seen that most of the increase in Tj with increasing YBCO layer thickness occurs as the first few YBCO cells are added, i.e., 3-or 4-cell-thick YBCO layers have much higher TcO than singlecell-thick YBCO, but TcO increases only slightly for still thicker YBCO layers. This TcO behavior is consistent with the thicker YBCO layers not being affected much by PBCO, because they are composed mostly of "interior" YBCO cells.
Wood has recently shown38 that a hole-filling mechanism, together with earlier results from a spinpolaron model of high-Ta superconductivity, provides excellent agreement with the experimental Tc data for both Y1yPryBa2Cu3O7..x alloys and for our superlattices (Figs. 5 and 6 Regarding uniqueness, Wood points out that a spin-polaron superconductive pairing mechanism is not necessarily required, and that any other mechanism that leads to the correct dependence of Tc on the number of holes in a Cu02 plane may work equally well. He also finds that although superconducting pair-breaking by Pr local moments might be incorporated in the calculations, it clearly is not needed to explain the Tc data. Similarly, no coupling was assumed between the two Cu02 planes in a unit cell, or between the pairs of planes in adjacent cells, so although such coupling cannot be ruled out (again, provided it produces the required Tc vs. hole concentration behavior), it does not seem to be needed. We note that if coupling between the two Cu02 planes in a unit cell turns out not to be necessary, this result would be of fundamental importance in connection with current theories regarding the role of dimensionality in superconductivity.
From these considerations it is clear that it will be of great interest to carry out additional superlattice experiments in which the composition of the insulating layers is significantly changed, both in order to test the electron-doping idea more definitively, and to determine whether there are less-perturbing boundary conditions for which the TcO of single-cell-thick YBCO layers can be much higher than the -19 K value found here. Such experiments also could help to determine whether other mechanisms also are active, e.g., Josephson coupling between layers. In connection with such experiments we note that Kanai et al.4° recently fabricated Bi2Sr2(Ca1Y)1Cu2O8-based superlattices in which two different Y concentrations, x = 0.15 and x = 0.5, are alternated to produce superconducting and semiconducting layers, respectively. Using semiconducting to superconducting layer thicknesses in the ratios of 8/4, 4/2, and 2/1 Kanai et al. found that the superlattice transition temperatures were unaffected by the superlattice periodicity, in striking contrast to our results for YBCO/PBCO superlattices. They attribute the apparent independence of the superconducting layers' T from their environment or coupling with other superconducting layers to the highly two-dimensional character of attributed this peak in the Jc-enhancement to formation of interfacial misfit dislocations, whose density is know to reach a maximum for layer thicknesses just above the critical thickness for strain field relaxation. 42 The dislocations presumably act as additional flux-pinning centers. The NCCO/YBCO and PBCO/YBCO multilayer systems are similar in that the insulating layers are in compression in the a-b plane and the superconducting YBCO layers are in tension. However, for the NCCO/YBCO system the biaxial tension removes the orthorhombic distortion and makes the YBCO unit cell isotropic (a = b) in the basal plane. In PBCO, the a (b) lattice constant is only 1.0% (1.2%) larger than in YBCO, so the absence of any Ic enhancement in the YBCO/PBCO superlattices that we have measured to date could indicate either that they are coherently strained at these layer thicknesses or, if dislocations have formed, that their density is low enough that the additional flux-pinning is small.
SUMMARY AND CONCLUSIONS
We have shown that the pulsed-laser deposition method can be employed to grow We find that the zero-resistance superconducting transition temperature, TcO, initially decreases rapidly with increasing PBCO layer thickness, but then saturates at TcO 19 K, 54 K, 71 K, or 80 K, for structures containing 1-, 2-, 3-, or 4-cell-thick YBCO layers, respectively. Critical current density measurements carried out on structures containing somewhat thicker (16-or 32-cell thick) YBCO layers show that both the magnitude of Jc(H 0) 12 MA/cm2, as well as the magnetic field-dependence and the anisotropy of Jc(H), all are in good agreement with corresponding measurements for thicker, single-layer YBCO films. In particular, there is no evidence of an enhanced Jc(H) due to the multi-layered structure, for the layer thicknesses investigated to date. Other experiments suggest that the systematic variation of TcO that we observe, as a function of the YBCO and PBCO layer thicknesses, may include effects due to Josephson coupling between the YBCO layers (through relatively thick PBCO layers), but an alternative explanation, in terms of "electron doping" of the YBCO layers that are nearest to the PBCO layers, also has been suggested and fits our results very well. Further experiments, in which the composition of the insulating layers is significantly changed, will be very useful to distinguish between these mechanisms and to further test the electron-doping idea.
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